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CORRELATION OF CRIPPLING STRENGTH OF PLATE STRUCTURES

WITH MATERTAT. PROPERTIES

By Roger A. Anderson and Melvin S. Anderson
STVMMARY

A correlation approach to the crippling-strength analysis of plate
structures in new materials and at elevated temperatures is presented.
Appropriately defined crippling-strength moduli and correlation proce-
dures are given for predicting the effect of a change in material prop-
erties on the strength of a structure. The sbtrength modull are readily
calculated from the effective compressive stress-strain curve for the
structural material. The correlation procedures are applicable to multi-
plate-element components and the accuracy is illustrated with avaeileble
experimental data obtained in wvarious materials and under different tem-
perature conditions. -

INTRODUCTION

A problem which is confronting the aircraft structural designer with
increasing frequency i1s the prediction of the effect of large changes in
material properties on the strength of airframe components. These changes
may be due to the effects of heat on present airframe materials or may
arise because of design changes to more heat-resistant materials. If the
accumulated strength data at room temperature on components made of alu-
minum alloy are to be extended to other mesterials and tempersture condi-
tions, accurate procedures for correlating structural strength with mate-
rial propertiles are required. '

Whereas the ultimate tensile strength of materials is a useful guilde .
for correlating the static strength of components loaded in tension, no
single physical property of meterials servés this purpose for components
loaded primarily in compression. With relatively simple components, such
as columns and heavily loaded plates, the buckling stress can be used as
a criterion for failure, in which cases correlation among maférials is
readily determined from buckling modull computed from the shape of materilal
compressive stress-strain curves. Multi-plate-element components and stif-

fened plates, however, usually possess e maximum compressive strength, or -

crippling strength, which is grester than the stress at which some form
of local buckling takes place. For these cases, various empirically
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determinegd parameters have been proposed to effect correlation with mate- . S
rial properties. Those most commonly used take into account the height

of a material compressive stress-strain curve, as measured by a defined .
yield stress, in addition to elther the slope of the curve {ref. 1) or

a quantity such as the buckling stress (refs. 2 and 3) which is a func-

tion of the slope. The relative weight glven tc the height-and slope . N
of the material stress-strain curve, however, differs markedly in the

parameters ofreferences 1 to 3. This variance appears to be a conse- -
quence of differences in the-materisl and geometry of the test specimens

used to obtain the data analysed in those investigations. In addition,

little published information is availsble to guide an application of these -
parameters to more complex fabricated structural components.

More recently, maximum strength analyses of stiffener sections
(refs. L and 5), multiweb beams (refs. 6 and 7) and stiffened panels
(ref. 8) have become available which clarify the respective roles which
material properties and structural arrangement of the material plasy in
determiring the crippling strength of these components. As a result,
for a number of complex structures, it is possible to determine a sult-
eble materisl-properties parameter and to correlate falling strengths
wlth changes in materiasl without resorting to a complete strength analysis.
The practical possibilities and limitations of this correlation approach
are exeamined in the present paper. Crilppling stresses for flat platies,
multiweb beanms, skin-stringer panels, and other structural components N
made of materials encompassing a wide variatlon in properties are compared -
with the material correlstion parameter appliceble tc the mode of—failure
of the particular component. Availsble date from short-time strength
tests at elevated temperatures are ipcluded in the comparisons. Based _
on these cémparisons, procedures for correlating crippling strength qf
multi-plate-element structures with changes in material properties are
recommended. i

Ap ~ cross-sectional area of plate eiement, in.2 _ —_—__—_jfj:
b ~ width of plate, in. . : _ . .. _g'zé
bo ' width of attachment flange between rivet-line and web plane, in. :
E Young's modulus for ﬁaterial, ksi

Eg tangent modulus for material at given stress, ks}_ . e

BEg secant modulus for material at given stress, ksi
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Eg'

secant modulus assoclated with stress at which Et = (1 - m)Eg;

for lerger stresses, it is equal to Eg, ksi

functional notation
O¢ b2
nondimensional buckling-stress coeffilcient, ﬁﬁz(i)
ratio of initial slope, after elastic buckling, of curve of
average stress plotted against unit shortening to slope of
materisl stress-strain curve '
bending moment, in-1b

integers

ratio of test value of crippling stress to value calculated
for failure in local buckling mode )

section modulus for beam, in.>
thickness of plsate, in.

general notatlon for stress, ksi
average stress over cross section, ksf

buckling stress, ksi B
O.2-percent-offset compressive-yleld stress for matgfial, ksi
stress corresponding to unit shortening 'ee, kel

maximum average or crippling stress,fgsi

average stress for plate element at fallure, ksi

stress at which Ey = SEg, ksi

stress at which Ei = %Es, ksi

general notation for strain
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€orp strain at—which buckling initiates o=
. ° _ _ _ _ A___
€e average unit shortening or edge strain in a plate
€p . aversge unit-shortening at maximum load S
€ " 8train assoclated with o5 - __;i
€3 - -gtrain assoclated with 03 .
n nondimensional plasticity correctlion factor

INFLUENCE OF MATERTAL PROPERTIES ON . e e

PLATE COMPRESSIVE STRENGTH : -

The determination of allowable compressive stresses of rectanguler-
plate elements 1ls a primary conslderation in eircraft structural deslgn. «
Plates can be classified according to whether one or two of the unloaded
edges are supported against deflection. Flat plates of the latter class
are conaldered in thils section. Inasmuch as the strength analysis differs -
for plates that fall st the buckling stress and those that exhibit a post-
buckling strength, the presentatlion that follows is subdivided accordingly.

Plates That Fall at—the Bucklling Stress
When the stresses to be transmitted are high or the plate boundaries

are flexibtly supported, the meximum stress is often adequately represented
by the eqration for buckling

GEE B K(b_ )2 | (1)

When written in this form,-the value of the left=hand side of the equa-
tion may be considered a constant for a given plate geometry and dop

is essentislly dependent only upcn the properties of the plabte material.
Although theoretical work has ‘shown that the plasticlty correction fec-
tor 1n may be influenced to some extent by the plate-geometry and edge- «
restraint conditions, a consideration of these differences is usually

not warranted 1in a buckling-stress analysis of the typical edge- supported
plate encovntered in fabricated aircraft structures.

-
-
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An expression for 1 in fairly common use and one that correlates
experimental buckling stresses obtalined in many different materials is

n = By (2)
E .

where 17 1s computed from the average of the material compressive prop-
erties over the cross sectlon of the test structure. For plate struc-
tures of identical geometry then, the value of Ucr/nE can be considered

a constant, and a value of 0o determined from a test in a reference

material (material 1) is sufficient to define 0oy for the plate struc-
ture in any other material (material'a) provided that the variation of
the buckling modulus nNE with stress is known for the materials. A con-
venient correlation procedure based on the constancy of o/nE for plates
of constant geometry is illustrated in figure 1. The curves for the varia-
tion of o with c/nE are computed from the compressive stress-strain
curves for the desired materials and the buckling stresses of plates of
these materials?eife correlated in the manner indicated. The inherent
accuracy of the procedure is good when the disgram is entered with a -
known stress in the more elastic material, as shown in figure 1. Com-
parable accuracy cannot be expected when the known buckling stress is in
the inelastic range of the lower strength materisl because of the rela-
tively larger varietions in c/nE assoclated with small errors in stress.

Plates With Post-Buckling Strength

Equations similar to equation (1) have been proposed for the maxi-
mum stress of plates which cerry additional load after buckling. In these
equations a parameter frequently used to represent the influence of mate-

rial is the quantity (Eccy)l/2, which was developed in reference'l and.

applied to correlsting the strength of plates of various materials when
tested in V-groove edge fixtures. The plates had relatively high values
of width-thickness ratio b/t. The same paremeter appears in crippling-
strength formulas for stiffener sections (refs. 4 and 9). A parameter
of this type incorporates the prominent features of a materials compres-
slve stress-strain curve, that is, initiael slope and a stress level
(height) at which pronounced plastic yielding occurs for most materisls.
With respect to, & compressed plate, the slope and height of the material
stress-strain curve can be thought of, respectively, as a measure of the
relative stiffness of materials in resisting buckling distortion and a
measure of the meximum stress that can be attalned in the most highly
strained portions of the plate.
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In Studies of the buckling and crippling stresses of aluminum- and
megnesiuvm-alloy plates in the form of H, Z, and C sections (refs. 2
and 3);-strehgth formulas are given which contasln parameters of the type

(ccrdcyn‘l)l/n. Values of n equal to 5 and L were-assigned in refex-

ences 2 and 3, respectively. For a plate of a given geomefry, the value
of 0gy, in effect, is a measure of the slope of the strgss-s7rain curve
n

for the plate material, and a material parameter ( nEccyn-'l)l

seperated from the quantities describing the section geometry. For n
equal tg either 4 or 5, this parameter 1s in conflict with the parameter

(Edcy)l 2 proposed by other investigators. L L e

can be

In &rder to determine which of the foregoing parameters or modiflca-
tions of them is likely to give the best overall representgiion of the
infiluence of material on the compressive strength of edge- Bupported plates,
a series of flat plates supported in V-groove edge fixtures were tested
to failure as paert of the present investigation. In tests of this type
no forming operatlons are performed in manufacturing the specimen and
material stress-straln coupons cut from the sheet material adjacent—to
the plate specimens should be representative of the plate mgterial. The )
mMaterials selected covered a wide range in BE, Ocys and shape of com- e

pressive stress-sitrain curve and the plates tested had width-~thickness .
ratlos representative of thick-skin constructlon. Details of this test =
investigation are given in appendix A. _ L T e ame -

Compressive stress-strailn curves representative of the materials in
the plates tested are given in figure 2. Included is a stress-strain
curve fcr the 2014-T6 square tubes tested in referepce 10. (The compres-
slve strength of plates forming the walls of a square tube are in apparent
agreement—wilth the strength of plates in V-groove edge fixtures.) A dif-

ferent treatment is indicated in figure 2(f) for an 18-8-53 stainless

steel (type 301). "Effective stress-strain" curves were constructed for
this anisotropic materisl which are explalned in appendix B. In addition -
to values of E and dcy, & stress end strain (denoted op and e€p) at

which the tangent modulus to the curves is equal 4o one- -half the secant ) -
modulus are noted on the stress-strain curves. i

[ S S s

Matsrial correlstion parameters computed from the stress gtxa;n_data .
of figuri 2 are compared with the test crippling stresses for the plates -
in figures 3 and 4. Figure 3 compares the test data with the parameters

(Edcy)l 2. and (nEdcy3)l/h discussed previously. .In these plots, cor=

relation would be indicated if the data for plates of all meterials lay .
on a single curve. Although the data for the various materials inter- _ . ——
mingle, an appreciable scatter band exists.
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In an attempt to reduce the scatter band, simple modifications to the
materisl parameters were investigabed. An analysis of the data revealed

that the scatter band associated with (Eccy)l/2 would be decreased if

a reduced vaelue of E were used for the plates of smaller b/t the crip-~
pling stresses of which occur in the inelastic stress range. A convenient
correction of this type involves using the value of the secent modulus . Eg

at the crippling stress in place of the constant value E. A plot of the
data against (Esccy)l/2 is shown in figure 4(a) and an imprévement over

figure 3 1s obtained. The scatter which remains appeare to be associated
with the differences in shape of stress-strain curves in the inelastic

range.

In order to account for the effect of differences in shape, material
parameters can be defined which are sensitive to the rate of change of
slope of material stress-strain curves. One such parameter is the maxi-

mum value of the quantity (Esc)l/e. The relationship of this quantiﬁy
to (Eccy)l 2 for the plate materials is shown in taeble I. The ratio

of the two quantities for some of the materials is constant whereas for
other materials significant differences occur.

The maximum velue of (Eso')l/2 is shown in eppendix C to occur at

the stress and strain at which the tangent modulus. has become equal to
one-half the secant modulus. The corresponding material correlation

parameter (E'crg)l/2 characterizes a material by a stress level op
near the knee of its stress-strain curve vwhere its stiffness 1s changing
rapidly and by a secant slope E' passing through the point o2, eo.

As with the paremeter (Edcy)l/a, best correlstlon with data at high

stress levels is obtained when (E'02)1/2 is modified so that 1t varies
with stress. This modification is accomplished by defining e modified
parsmeter (Es'02)1/2 which is equal to (E'62)1/2 for stresses less
then oo but in which the value of Eg' is equal to the conventional
secant modulus for stresses larger than op. A comparison of the date _'

using the parsmeter (Eg'c )1/2 is shown in figure h(b)

The comparisons presented in figures 3 and 4 indicate that either.
of the parameters (Esocy)l/2 and (Es'02)1/2 gives & better correlation

1/2 1/4

of the data than the parameters (Eccy) and (nEccy5) , the best
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correlation being obtailned with (Es‘ca)l/a. Suitable maximum-strength
formulas for plates can therefore be written in the form S
£ t
. s (30
- (Egocy)

< & )
e = ol ) (3b)

1/2 2(b>

A good representatlon of the data below a b/t of 45 is provided by the
simple equations in figure 4.

For the purpose of a crippling-strength calculation, the material
parameters in equations (3) adequately describe the influence of materisal -
on the compressive strength of plates with supported edges. Such parem-
eters will therefore be referred to in this paper as crippling-strength } -
modull, &r mor¥e briefly as strength moduli, the form of which depend upon -
the structure and its mode of failure. The plate-strength-correlation
procedure with these moduli 1s analogous to that previously described for .
plate buckling and is illustrated in figure 5. N

In the remainder of the paper the.sﬁrength moduli applicable to plates
tested in V-groove edge fixtures are assumed to apply to all edge-supported
plates. Sultable correlation procedures are developed when the plates are

part of & fabricated structure. Because the parameter (Esccy)l/2
involves material properties that are more generally avalleble than the
properties in (Eg' 02)1/ » particularly at elevated tempergtures, the _._..
crippling-strength comparisons involving plateelements with supported
edges are nade by using (Esdcy)l/z as the strength modulus.

-—

INFLUENCE OF MATERTAL PROPERTIES ON , .- -
STIFFENER CRIPPLING STRENGTH o —
The usual engineering method for calculating the crippling strength

ofstiffeners (column bending excluded as a failure mode) is to sum the
loads carried by web and flenge plate elements Iin the cross section. -
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Variations of this method are exemplified in references 4, 5, and 11.

The success of this approach is dependent upon the accuracy of the crip-
pling curves which are used to define the maximum compressive stresses

for the individual plate elements. An alternate spproach is to relate

the crippling stress of the entire cross section to its ldcal buckling
stress end the meterial yleld stress as is done in references 2 and 3.
This approach lacks the generality of the first approach, however, inas-
much as the most suitable relationship between &g, 0qp, and ooy véries

with changes in cross section.

In a crippling-strength study (ref, 5) of both extruded and formed
cross sections based upon the first spproach, good correlation of the
strength of plates with one edge supported and one edge free (flanges)
with changes in material was found with equations of the form o

_i_/_ N f® )
(Bg'052)™/2

One function of b/t was obtained when a single flange joined a web
plate (as in a Z-section) and another function of b/t was obtained when
two flanges Jjoined a web plate (as in an I-section). The material param-

eter (Es'c52)l/3, used to correlate flange strength with changes in mate-

rial, is related to that used in equation (3(b)) for plates with two edges -
supported. In asppendix B it is shown that the reference stress level o3

for & materiel corresponds to the stress at which the tangent modulus is -
equal to one-third the secant modulus. The value of Eg' is equal to

the secant modulus at O3 with the provision that, at average values of
flange stress greater than .03, Es' is defined as Eg. T o

An approximstion of the parameter (ES'032)1/5 which involves
. A b T 1 o
readily availlable material properties is the quantity (EsUcyg) /3. This
strength modulus implies that flange strength is more a function of mate-

ence 5 bear this out as showm by comparison of the correlation accuracy

in fiéu:e 6 where the data have been plotted by using (Eéccya)l/B and

1
(Esccy) /2 as strength moduli. The data for extruded and formed cross

=
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sections are brought lnto agreement when the strength moduli are computed
from_efféétive stress-strain curves which take Into ag¢ecount high-strength
meterial. in the corners of formed sectlons. These curves are explsained

in appendix C. R B T T

When only the geometry of an extruded or formed cross section com-
posed of essentially flat-plate elements is known and the crippling
strengtl in any materisl is desired, a strength analysis method. such as
that of reference 5 is required. If the crippling stress for a stiffener

section is known from a test in a reference materiasl, however, its strength

in another material may often be obtalned more accurately by the correla-
tlon approach. An indication of the accuracy obtalnable 1s shown by the
comparison in figure 7 of crippling-stresgs data for a famlly of-Z-sectlons
of a numver of materials. The data correspond to Z-sections having a con-
stant ratio of flange width to web width (0.6) and are therefore plotted.
against vhe width-thickness ratioc of a referénce plate element—(web), the
primary geometrical varisble for the data. The strength modulus used is
that appropriate to & plate with supported edges and was computed from
the effective stress-strain curves for the section. (See appendix B.)

For sections containing & high proportion of flange area, a streangth

1
correlation based on the comstancy of o (Esdcy2 /5 for sections of
constant gedmetry might be expected to give the best results TIn ref-
erence 12 the crippling strength of H-sections of extruded 7075-P6 alumi-
num alloy were obtained at room and elevafed temperatures. These data
are plotted in figure 8. The predicted curves are based on the values

1
of o (Esdcya) /5 obtained in the room-tempersture tests of the sections

- - , 1
and the variation of (Esccyg) /3 with temperature was calculated from
the material stress-strain data given in reference 12.

. -~ INFLUENCE OF MATERTAL ON CRIPPLING STRENGTH

OF STIFFENED PLATES

The compression panel of a box beam 1s treated in this section as
a stiffened plate for which a crippling stress can be defined. For con-
ventional rib-stringer-skin construction, thie stress is defined as the
upper-limit fallure stress obtalned when column feilure is prevented by
a close rib spaclng. For multiweb-type structure, the crippling strength
is the maximum average stress obtained in the skin- and web-attachment
members under a bending moment when failure of the webs under crushing
loads 1s not permitted. With these restrictions, a panel crippling-

strength analysis is concerned principally with the geometry of the plate

i

¥
Ill.l\
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elements in the cross section, the relative stiffness of the Jjoints between
them, and material properties. Even though the first two of these vari-
ables are held constant when the-influence of a material change Is to be
determined, various modes of local failure must still be taken into account
in a strength-correlation procedure. Unforeseen failure mode changes can
occur vwhen large chagnges in material properties are mide. The nature of
this problem is discussed next and the procedures for dealing with it are
given in a following section.

Effect of Material Properties on Local Fallure Mode

In order to illustrate the effect of material changes on the stress
end mode of locsl failure of a stiffened plate, figure 9 has been prepared.
Figure 9(a) illustrates the manner in which the crippling strength of a
stiffened plate of constant geometry can vary with yleld stress when the
elastic modulus of the materilisl is held constant. The crippling strength
has been computed by considering three of the possible modes of local
failure. The curve labeled 'failure in the local buckling mode" corre-
sponds to a fallure stress computed from the area weighted average of =
the crippling stresses for the individusl plate elements in the panel
cross section. The assumption made in this calculation is that the maxi-
mum load carried by each plate element is reached at the same unit short-
ening and thus the loads are additive. If the average stresses achieved
in the plate elements are assumed to aspproximate those given in fig- '
ures 4(a) and 7, correlation of the stresses with changes in material
properties can be effected by the strength modulus employed in those fig-
ures. Correspondingly, the local crippling strength of the panel is
shown in figure 9(a) to increase as the square root of the indrease in
Ocy- (The panel failing stress is assumed to not exceed °cy for a

material; thus, as Ocy decreases, the panel failing stress approaches
Ocy @8 an upper limit.) This type of performance can be expected if

the stiffening members are an integral part of the sheet as in an extruded
panel. . -
When stiffening members have attachment flanges which are rlveted
to the sheet, a meximum compressive loed can also be calculated at which
the sheet buckles in a short wave length without longitudinal nodes along
the stiffeners. The behavior is that of a plate column elastically
restrained against displacement by the stlffeners attachment flanges and
has been veriously described as "forced crlppling (of the stringers) in’
reference 13 and as "wrinkling" (of the sheet) in reference 14. The first
term is probably more descriptive of the action for panel proportions in
which this mode of failure follows buckling of the sheet in the local
mode whereas the gecond term appears more descriptive when buckling as
well as fallure occur without longitudinal nodes in the sheet.
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An extensive study of the behavior of stiffened plates which fall
by wrinkling has been made in references 6 and 8 and a criterion for
failure is given which 1s of the form

G.
e f(panel geometry, attachment-flange ‘design) (5)

TIE N .. . e ex WX

The influence of material on the stress for fallure 1s represented by a

buckling modulus nE because of the close correlation between complete

panel fallure and the occurrence of sheet wrinkling with its attendant

loss of "effective width." The wrinkling-strength curve for the panel

of figure 9(a) is therefore shown to level off at a constant stress when ;
Ocy is large enough that the calculated failure stress is in the mater1a1 R

elastic range. The magnitude of this stress for a particular panel 1s
determined by the value of E, the panel geometry, and the stiffness of
the attachment between stiffeners and sheet. When oJgy 1s decreased,

the transition from this elastic value of fallure stress to fallure at
the material yleld strength 18 determined by the veariation of 1 with
stress. Test data indicate that the expression for 1 given by equa-
tion (2) 18 applicable. - ST

Aneslysis of—the data of reference 15 reveals that riveted panels
ofproportions which buckle in the local mode will change from failure
in the locel-buckling mode to & faillure that is initiated by wrinkling
instabllity of the sheet when the ratio of ocy to E is sufficleatly

increased. This action 1s typical of most panel proportlions and fig-

ure 9 has been drawn accordingly. (With an inadequate riveted attach-

ment, wrinkling can be the lowest mode of failure at any ratio of yield

stress to modulus.) In the transition region, the failure stress for

some pane)l proportions may be somewhat less than the stresses calculeted

for either of the "pure" modes. These stresses are indicated by an _
interaction curve {dashed) in figure 9 for which no convenient material .
correlation parameter has as yet been found.

When-panels susceptible to wrinkling failure are made of materlals
having very high ratios of yleld stress to modulus, the maximum panel
load may aepproach the crippling load for the stiffeners glone. The
stiffener-strength curve may be sssumed to represent a lower limit to
a penel crippling strength and is thus shown in figure 9(&) to govern B
at a high value of yileld stress. . Sl

When yleld stress is held constant and material elastic modulus 1s .
treated as a variable, the variation of panel strength when the same three
modes of locel failure are considered is 1llustrated in figure 9(b). A
comparative study of the (a) and (b) parts of figure 9 reveals a consistent .
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pattern of failure-mode change as material properties change. They show
that a fabricated stiffened plate which fails in the local buckling mode
when made of & materisl with & relatlvely low value of ccy/E, for example

2024-ST aluminum slloy, may interact with or fail in the wrinkling mode
when made of a material with a -higher value of ccy/E, such as TOT5-ST

aluminum alloy, and may only develop the strength of the stiffeners in a
naterial such as some of the titanium alloys which have relatively high
values of ch/E. With this complex behavior, the strength modulus asso-

clated with the mode of failure (observed in a test or assumed in & cal-
culation) in a reference material may not be applicable for predicting
the effect of a large change in material properties. An added complica-
tion with existing test date on crippling strength is that the mode of
local fallure involved is ususlly unreported.

In order to cope with these problems, a practical procedure for pre-
dicting the effect of a change in material properties must start with the
assumption that only the commonly reported information for a stiffened
plate is availlable; that is, the crippling stress, materiasl properties,
and dimensions of the cross section. Although an accurate value of a key
dimension, the offset of the rivet lines from the web plane of riveted-
on stiffeners, is generally missing, the probable mode of failure of the
panel in the reference material usually can be deduced from the avallable
information, as explained in the next section. Recommendetlons formulated
from consideration of figure 9 can then be made which taeke into account
the possibility of a failure mode change as material properties are varied.

Correlation Procedure-

A study of the crippling strength of the longitudinally stiffened
compression panels reported in references 16 to 19 reveals that the
probeble mode of failure of a given panel can be correlated with the
value of a coefficient R defined by o

aprZAp
R-—2 (6)

ZAPEP
B

The stresses EP represent the crippling stresses of the component plate
elements of the panel cross section as defined by the crippling curves of
this paper; the areas Ap are the individual areas of the plate elements.

Hence R 1s the ratio of test crippling stress to a calculated stress
for failure in the local buckling mode.
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Discounting results for panels tested flat-ended at a length less
than the stringer spacing, the value of R for strongly riveted panels .
with extruded stringers (near integral construction) was found to lle ° .
conslstently between the limits 0.95 t6 1.05. These velues of R are
assumed to correspond to failure stresses associated with the local buck-
ling mode of fallure. Larger vealues ocf R were found for panels tested
at & length less than the stringer spacing and which failed in the locel
buckling mode. The high crippling stresses are attributed to the con-
strained buckling distortion of the shest—which occurs under those test
conditione. Panels with values of R less than sbout Q.95 had riveted- ..~ ~
attachment-flange designs and width-thickness ratios of the sheet and
stringers so that a reduction in falling stress due to wrinkling behavior —
would te predicted by the theory of reference 8. Therefore, 1n the pres- _
ent prccedure, test stresses with an R-value less than 0.95 are assumed i
to be elther the result of wrinkling instability or interaction with it. o
The panel is further assumed to possess s potential stress for failure in -
the local buckling mode equal to cf/R. (For panels of unusual proportions,

a low value of R can also correspond to a panel stress in which only
the crippling strength of the stiffeners is developed. B8uch a test resultb
is readily recognizsble when the cslculation for R i1s maede. The effect
of materisl property changes on panels which develop this low proportion
of their potential strength is difficult—to predict and, moreover, should
not be of practical interest. The correlation procedure which follows

is therefore not formulated to cover this case+)

The correlation procedure for stiffened plates is handled conveniently
if subdivided according to the R-value for the test stress in the refer-
ence material and according to whether the material change corresponds to
an increase or a decrease—in the ratio dcy/E The recommendations for

the four cases which result from this subdivision are based on figure 9 e —
and are .outlined below.

S T e

[

Case I: R essentially unity, ccy/E decreasing - A penel which

falls in the local buckling mode in & reference materisl (material 1) can . . . _
be assumed to Ffail in the same mode in & new material (materisl 2) if the '
ratio ocy/E is elther constant or decreasing. The predicted penel stress

in material 2 can therefore be obtalned by correlating the frdividual crip-

pling stresses of the stiffener and sheet elements and welghting these

stresses mccording to area. The correlation procedure for the sheet is | .-
illustrated in figure 5. The same procedure is followed for the stiffeners

.
| 1

with the—assumption that the value of elther o/éEsdéy)l/z or U/QESUCy?) 1/3

for the stiffener is independent of material, as is discussed in the section __ _
on stiffener crippling strength. A further simplification is possible 1f -
the panel :1s proportioned, so that the crippling stresses for the sheet and

stringers are not too different and their material properties are essentially
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the same. A strength correlation based on the constancy of U/(Esccy)l/2
for the whole cross section can then be made by using an average variation

of (Esdcy)l/2 with stress for the material over the entlire cross section.

Case II: R essentiglly unity; ccy/E increasing.- If the change in

material properties is such that the ratio ccy/E is increasing, the

possibility exists that failure of the panel in material 2 may be influ-
enced by wrinkling behavior and the failure stress will be less than that
associsted with failure in the local buckling mode. The procedure out-
lined in case I should therefore be used with caution when the effect of
a substantial increase in ccy/E is to be determined for a panel with

riveted-on stiffening members. For panels with integral stiffening, the
procedure for case I should be applicable. ) - :

Case III: R less than 0.95; ccy/E decreasing.- A panel influenced

by wrinkling behavior in material 1 may faill in either the wrinkling mode.
or local buckling mode if the ratio ccy/E is decreased. TInasmuch as
the stresses for failure in both of these modes (Ef and Bf/R) are assumed

to be known in materisl 1, the stresses for failure in both modes can be
predicted in material 2. The lower of these predicted stresses is assumed
to govern. .

In order to predict the change in strength of a panel in the wrinkling
mode, the procedure indiceted in figure 1 is applicable. The figure is
entered with &¢ 1n material 1 and the corresponding stress for material 2
is found at a constant value of U/nE. The varistion of nE with stress
for the two materials should be computed from the average material prop-
erties over the panel cross section. The effect of the materisl change
on the stress for failure in the local buckling mode is determined by the
procedure previously outlined for case I. Because the actual fallure
stress for the penel in material 2 could lie in the transition region
shown by dashed curves in figure 9, the above correlastion procedure can
be anticipated to be slightly unconservative under certain circumstances.

Case IV: R less than 0.95; ccy/E increasing.- If the ratio Ucy/E

is larger for material 2 than for material 1, a further reduction in fail-
ure stress from the value for the local buckling mode can be anticipated
in maeterial 2. The failure stress will be bracketed by the stresses pre-
dicted by the procedure for case IIT. A conservative prediction there-
fore can always be obtained if the panel i1s assumed to fall at a constant
value of o/nE. Test data show that the inherent conservatism of this
assumption is reduced as the value of R for the panel in the reference
material becomes less. ' S
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Experimental Verification ) _ ) - e

Verification of the recommended correlation procedures for stiffened
plates has been made with the avallable data for nominally identicel spec-
imens tested in verious materials. These data consist principally of a
series of Z-stringer compression panels tested in nine different materials
(ref. 15) and miscellaneous tests on stiffened panels and multiweb beams
at room and elevated temperatures. In ¢rder to i1llustrate the correla-
tion accuracy obtalnable under differing circumstances, comperisons with
some of these test data are presented in tables IT to V and in figure 10.

The test data in tables II, ITI, and IV are from reference 15 and
are representative of three typlcal types of behavior in longitudinally
stiffen=d panels. The panel in table IT has relatively large width-
thickness ratios of the plate elements and the riveting is adequate to
develop &1 R-value of essentially unity in TO75-T6 aluminum alloy. This
material has the highest ratio of oey to E of the materials tested

in reference 15 and its material properties are also known with the great-

est certainty. For these reasons the predicted failing strength of the

panel in the other materiels is based on the test faillng strength in i
TO0T5-T6. The procedure for case I was spplied by using effective stress- T,
strain curves for the materials based on the average longitudinal and .
formed-corner properties for the materials as given in reference 15. The
predicted failing strengths generally are in as good agreement with the

test results as would be anticipated from the deviation of-the given mini- -
mum and meximum materilsl properties from the average. The largest error L

is associated with the 18-8-51{. steel, the panels of which were fabricated

with an offset of the rivet-line on the attachment flanges of the stif-
feners 10 percent larger than the average of the otherwise nominelly
identical panels in the other materislis. The effect of this difference -

is to reduce the test crippling strength of the panels of the 18-8—EH
material relative to the panels of the othexr materiels.

The panel in table IIT has one-half the width-thickness ratioc of .
the plate elements off the previous panel and the same rivel and attach- .
ment flange design. This combination, although adegquate to produce
initial buckling in the local mode, is not adequate to obtain a failling
stress in TO75-T6 eluminum slloy éorresponding to failure in the local
buckling mode, as evidenced by an R-velue of 0.91 for the panel. This
R-value ls interpreted ass an indicstion that the panel strength is influ-
enced by wrinkling behavior and the procedures of case III are applied
for correlating crippling strengths in the other materials. If the lower .
of the two predicted failing strengths for esach panel ig compared with
the test value, satisfactory agreement 1s obtained in_most cases.

i i1
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The comparisons in table IV are for the panel of reference 15 having
the smallest width-thickness ratios of its plate elements. The panel
proportions and the R-value of 0.85 obtained in TO75-T6 aluminum alloy
identify this panel as one in which both buckling and fallure occur in
the wrinkling mode. When the correlstion procedure of case III is spplied,
the predicted strengths based on the material correlation parameter for
wrinkling feilures are seen to be in close agreement with the test data.

Because the test resulits of table IV all fall in the inelastic
streass range for the materials where little or no margin is expected
between buckling end maximum load, a valid objection is that the data
should correlate with a buckling modulus irrespectlive of the mode of fall-
ure. A panel cross section was therefore designed which would undergo
a wrinkling failure at a stress of about 30 ksi in a material having an
elestic modulus of 10,500 ksi. Four panels were fabricated and duplicate
tests were run in 2024-T3 and TO75-T6 aluminum alloy. The panel cross
section and the test results are shown in figure 10. The predicted behav-
ior of the panel for failure in the local buckling mode as well as for
failure in the wrinkling mode are shown for comparison with the test data.
This comparison clearly shows that a large change in yield stress in a
panel material has little effect on panel crippling strength when the
mode of failure is wrinkling. .

The final comparison illustrates an approximation that simplifies
the strength correlation for thick plates as found in multiweb-wing con-
struction where a relatively small percentege of the total bending moment
is carried by the supporting webs. The stress obtained by dividing the
failure bending moment by the section modulus approximates the skin stress
in construction of this type and tends to bear a cénstant ratlio to it in
beams of the same geometry but different material. TUse of the more readily
calculated M/S stress in place of the maximum average stress in the skin
in a strength correlation is shown in table V. The M/S stresses at fail-
ure for the two beam cross sections illustrated were obtalned in‘7075—T6

aluminum elloy in tests at room temperature and aftexr %-—hour exposure

to 250° F and 350° F. The M/S stresses for the beams in the room- -
temperature tests are somewhat larger than the maximum average stress

for the compressive cover skins as read from figure L; ﬁhis_condition
indicates that an elevated-temperature strength prediction on the basis
of the material correlstion parameter for failure in the local buckling
mode is appropriate. The elevated-temperature strength predictions were
therefore performed in the manner illustrated in figure 5 by using the

%-hour exposure, compressive stress-strain curves for the beam-cover

skin material to construct the curves for the variation of c/(Eso'cy)l/2

wvith o. The predicted results at the elevated temperatures were read
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from these curves at the values of o (Esorcy)l/2 determined by the room-
temperature test values of M/S for the two beam proportions. The results
in table V, as well as those in figure 8, indicate that a high degree of
accuracy ls attainable in correlsting the room- and elevated-temperature
crlppling strength of plate structures.

CORCLUDING REMARKS

A correlation approach to the crippling-strength analysis of multi-
plate-element structures in new materials and at elevated temperatures
has been presented. The aim has been to lend confidence to the idea
that, with suitable crippling-strength modull and correlation procedures,
estgblished crippling-strength data in one material can be used ag a basis
for en accurate prediction of the behavior of geometrically simllar struc-
tures having different-material properties. The approach is particularly
attractive for stiffened plate components where the effect of all the
geometrical variebles on crippling strength may not be a8 readlly deter-
mined as the effect of a material property change. Even 1in the case of
simpler structures, ‘stich as stiffener sections, the correlation approach
may offer an advantage in speed as well as in accuracy. The strength
analysils of structures in a new materlal mey also be expedlted by know-
ledge of the predlcted behavior of structures of slightly different pro-
portions the strengths of which have been definitely established by tests
in another materiel. .

A limitstion of the present procedure is the possibllity of a reduc-
tion in accuracy due to an unforeseen falilure-mode change when the effect
of a substantial increase in material yield strength to Young's modulus
ratlio is to be predicted. This limitation presents no handicap when the
reference materisl for test data is T075-T6 aluminum alloy but it may
lead to surprises when dealing with test data accumulated in some of ‘the
lower strength materisls. Fortunately, elevated-temperature strength
predictions usually involve decreasing values of this ratlo in which case
the inherent accuracy of the correlation procedures is good.

The material correlation parameters discussed are all readily cal-
culated from the effective compressive stress-strain curve for the mate-
rial in the structure. Comparisons wilth available dats indicate that a
set of material parameters defined in this paper more accurately reflect
the effect on structural strength of changes in theshape of stress-strain
curves than parameters determined by the slope and 0.2 percent offset
yileld stress. In many ‘practical situations, however, this improvement
tends to be overshadowed by limitations on the accuracy wlth which the
material properties in fabricated structures are known. When detslled
data on material properties are available, utilization of this Ilnformation

-

il
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in the construction of effective material stress-strain éurves for +the
structure leads to improved correlation accuracy.

langley Aeronautical Laboratory,
Netional Advisory Committee for Aeronautics, : R
Langley Field, Va., October k4, 1955. - '
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APPENDIX A ]
PLATE TESTS IN V-GROOVE EDGE FIXTURES

For.the purpose ofobtaining & direct comparison between plate com-
pressive strength 'and the stress-strain curve for the plate material,
tests were mede on flat plates the side edges of which were supported in
V-groove fixtures. Plates nominally 1/16 inch thick and having wldth-
thickness ratios b/t—ranging from 15 to 60 were tested. The plate
length was such that five or more local buckles could form. The compres-
slive stress-strain curves for the materials in the plates tested are shown
in figure 2. '_ o . o e _Z pullyt

A schematic drawing of the V-groove fixtures is shown in figure 11.

The grooves which support the side edges of the plate specimen are 1/4 inch

deep and have a 60° included angle. A clamping force of about 100 pounds
in each ¢f the four clamping bolts was used to keep the plate side edges
alined 17 the V-grooves. Preliminary tests showed that the maximum
strength of the plates varied with clamplng pressure but—thaet a leveling
off in strength occurred with a force of aboub 100 pounds in each bolt. .
Graphite lubrication of the grooves kept the sliding friction to a neg-
ligible quantity in the tests.

The behavior of plates 1n these fixtures may be described as follows:
Buckling loads are obtained which are in agreement with those calculated
for long plates with simply supported side edges. This losd could be
determined as the point at—which the stress unit-shortening curve measured
in a test deviated from the material stress-strain curve. In some tests,
the top of the knee of-the measured load—latersal-deflection curves was
taken as the buckling load. Beyond buckling, lateral forces are exerted
on the V-grooves by the plate edges which tend to separate the grooved
support plates. The resulting misalinement of-the plate edges in the
grooves with lncreasing load leads to a maximum load which may be teken
as characteristic of the plate b/t" and the supporting fixture. Although
the aim in the tests was to cbtain comparsble results among materisls,
the maximum stresses obtained were later determined to be in agreement
with tests on square tubes and with the apparent maximum stresses of
plates supported by longitudinal stiffeners, as in a crippling test on
a short stiffened panel. This colncidence suggests that the support char-
acteristics of this type of fixture are falrly representative of the sup-
port provided plates by the attachment flanges of riveted-on longitudinal
gtringers.

The test results obtalned are given in table VI. They include the
buckling and meximum stresses and the unit shorteming (when messured) at
the maximum of the load-shortening curve. Calculated values of dep,

Dk

i vl
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obtained by assuming simply supported edges and 1 = , are given for
comparison with the test values. In the case of the 18- 8—23 stainless

steel, the values of 1 were computed from the effective stress strain
curves of figure 2(f). The unit shortenings et failure show that, regard-
less of the stress for buckling, the maximum load for each plate was not
reached until the longitudinal edges of sthe plate had been strained well
into the inelastic stress range for the material.

The starred results shown in table VI are those chosen for presenta-
tion in figures 3 to 5. These results were considered to be representa-
tive of the strength of the plates in a given material as determined by
the type of plot shown in figure 12 for all the test results in TOT5-T6
aluminum alloy. The sterred results in table VI for this material are
indicated by flags in figure 12. The scatter in the results is believed
to be characteristic of the test techniqye rather than caused by varia-
tions in meterial properties.



APPENDIX B
EFFECTIVE STRESS-STRAIN CURVES - : L=

In the mgnufacture of sheet metal parts, significant changes in
material propertles often occur. The increase in yleld stress in the
formed corners of stiffener sections, for example, is known to have a
greater effect on the section's crippling stress than can be accounted
for by the usually small increase in the area welghted average of the
material properties over the section. An investigation of this problem _
in reference 5 showed that the changes in strength cof formed sectlons
were more nearly proportional to changes in material-strength modull —
computed from stress-strain curves obtained by an equal weighting of the
formed-corner stress-straln properties with those representstive of the
flat—sheet. Such curves are called effective gtress-strain curves in

this psyxer. _—

- - : .

The fact that strength moduli computed from effectivé, rather than
average, stress-strain curves correlate with crippling-test data may be
explained by the importance of material properties near the plate edges

where the buckling distortlons are least and the highest compressive

stresses are reached. The effective stress-strain curve eliminates the

need for aesigning a crippling stress to small-radius corner elements )
as 1g done in most crippling-stress-analysis methods. The effective
stress-swrain curve is also adequate for computing both the elastlc and
inelastic buckling stresses lnasmuch as it has the same initial slope

as the sverage curve and has nearly the same shape ag the average curve .
for sections which buckle in the inelastic range. i

In order to correlate the strength of plates made of highly anlso-

tropic materials, such as the 18-8-§H stainless steel plates tested in N
this investigatioh, the concept of an effective stress-strain curve can
also be used to adventage. It-was found that plates with the same width-
thickness ratio cut from the with-grein and cross-grain dlrections of the

c 1/2

1/2
(EsUcy) /
was compulked from a weighted average of the material sitress-strain curves
for the loading direction and transverse-directlon. The stress-strain
curve in the loading direction was weighted twice as heavily as the curve
in the trensverse direction. With an effectlive stress-strain curve defined .

rolled sheet failed at the same value of when (EsUcy)

in this menner, the data for 18;8-§H-stain1ess steel correlate with the

date for more nearly isdotropic mﬁterials,-as-shown in figure k4.
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For structural sections formed of an anisotropic material, the
effective stress-strain curve for the flat material is aversged with a
stress-strain curve for the formed-corner materiasl (loading direction)
to obtain an effective stress-strain curve for the section. -
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APPENDIX C
MATERTATL. STRENGTH MODULI -

The 1nfluence of materlal on the crippling strength of plate struc-
tures hes been represented by material parameters which sre a function
of material stress-strain curve slope and height. The relative weight
glven to each of these material cheracteristics ocught to be related to
the stress—unit-shortening diagram for the structure in question. An
approximate relationship can be obtained from & consideration of flgure 13
where stress—unlt-shortenming dlagrams ere drawn for three differenf struc-
tures which have the same elastic buckling stress. These dlagrams are A
shown superposed on the material stress-strain curve i
Bach of the stress—unit- shortening curves in figure 13 can be approxi-
mated by an equation of the form

L "e 1-m
- O _sf Cox y
R —_— = e - c1
£l Oe (ee.> . (c1) -

where m 1s the ratio oETEEé Imitial slope of the stress—unlt-shortening
curve after buckling to the initiel slope of the stress-strain curve and -
€or 18 the buckling strein. Equation (C1) can be solved for the maximum )

aversge stress Jp as follows: L L=

'
. Ce 1-m ( 1-m m) 1-m
Op = - € = |E € c2
— (:]—'4 i Tm cr 8 e cr ( )
< = €e o mme=
és max —

whlch is associated with the maximum value of_(Esl'mcem>. For a value

of m, a maximum value ofCEs ~Me m) can be determined from the material
stress- stxain curve by satisfying the relationship

N

| g: _ (1 - m¢
or . - ) ? (05) v
- E Ey = {1 - m)Es .

|
|
|

iy
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Bquations (C2) and (C3) show that as m changes from O to 1 the
maximum stress depends less upon stress-strain curve slope and more upon
the magnitude of the stresses attainsble in the materisl. This result
is in qualitative agreement with the observed behavior of actual struc-
tures; that is, the maximum strength of a Euler column, for which m 1is
zero, depends on the stress-strain curve slope whereas the meximum strength
of plate structures, which have m +values between 0 and 1, depend also
upon the height of the material stress-strain curve beyond the stress at
which buckling initiates in the structure. The trend of equation (C2),
rather than the precise welghting of material stress-strain curve char-
acteristics for any m +wvalue, is considered of significance in estab-
lishing material strength modull for various structures and thelr modes
of failure.

The strength moduli employed in this paper are assoclated with values
of m equal to 1/2 and 2/3. When m is equal to 1/2, the strength mod-

ulus (ES'Gg)l/ is obtained, where op is the stress at which the tan-
gent is one-half the secant modulus and Eg' is the secant modulus at oo

The strength modulus" (Es'0'32)1/3 is associated with m = 2/3; oz is the
stress at which the tangent is one-third the secant modulus and Eg' is
the secant modulus at 03. Parameters could be defined in a similar man-
ner for other wvalues of m.

The psrameters (ESUcy)l/2 and (Esccy2)1/3 may be considered as

versions of the preceding parameters employing more commonly known mate-
rial characteristics. With most materials the latter parameters are
approximately proportional to the preceding ones.



26

- REFERENCES | . e

. Von Khrman, Theodor, Sechler, Ernest E., and Dbﬁnell;_ﬁ. H;E_-fﬂé

Strength of Thin Plates in Compression A.S.M.E. Trans., APM-54-5,
vol. 54, no. 2, Jan. 30, 1932, pp. 53-57.

. Heimerl, George J-: Determination of Plate Compressive Strengths

NACA TN 1480, 1947.

. Schuetbe, E. H.: Observations on the Maximum Average Stress of Flat

Plates Buckled in Edge Compression. NACA TN 1625, 19k9

Needkam, Robert A.: The Ultimate Strength of Aluminmum- Alloy Formed
Structural Shapes in Compression. Jour. Aero. Sci., vol. 21, no. k,
Apr. 1954, pp. 217-229.

NACA TN 3553, 1955.

. Anderson, Melvin S.: Compressive Cripplipg of Structural Sections. _. =

. Semonian, Joseph W., and Anderson, Roger A.: An Analysis of the Sta- -

10.

11.

12.

13.

bility end Ultimate Bending Strength of Multiweb Beams With Formed-
Channel Webs. NACA TN 3232, l95h

M

. Conway, Williem J.: Factors Affecting the Design of Thin Wings. Pre- .

print No. 357, SAE Los Angeles Aero. Meeting; Oct. 5-9, 195h

1

Semonian, Joseph W., and Peterson, James P.: An Analysis of the Sta-
billity and Ultimate Compressive Strength of Short Sheet-Stringer :
Panels With Special Reference to the Influence of Riveted Comnection .
Between Sheet and Stringer. NACA TN 3431, 1955.

. Galleher, George L.: Plate Compressive Strength of FS lh Magnesium—

Allocy Sheet and a Maximum-Strength Formula for Magneslum-~-Alloy and
Aluminum-Alloy Formed Sections. NACA TN 1714k, 2948. . . . .

Pride, Richard A:,‘and Heimerl, George J.: Plastic Buckling of Simply
Supported Compressed Plates. NACA TN 1817, 1949.

Crockett, Harold B. Predicting Stiffener and Stiffened Panel Crippling
Stresses. Jour. Aero. Sci. , vol. 9, no. 13, Nov. l9h2, Dp. 501 509. o

Heimerl, George J., andFRoberts, William M.. Determination of Plate
Compressive Strengths at-Elevated Temperatures. NACA Rep. 960, 1950..
(Supersedes NACA TN 1806.)

~

Bijlsard, P. P., and Johnston, G. S.: Compressive-Buckling of Plates
Due to Forced Crippling of Stiffeners. Parte I and II. S.M.F. Fund
Paper No. FF-8, Inst. Aero. Sel., Jan. 1953. -

i il



NACA TN 3600 . 27

1h. Argyris, J. H., and Dunne, P. C.: Part 2. Structural Analysis. Struc-
tural Principles and Deta, Handbook of Aeronautics, No. 1, Pitman
Pub. Corp. (New York), 1952, pp. T7-317.

15. Dow, Norris ¥., Hickman, William A., and Rosen, B. Walter: Data on
the Compressive Strength of Skin—Stringer Panels of Various Materials.
NACA TN 306L, 1954.

16. Schuette, Evan H.: Charts for the Minimum-Weight Design of 24S-T
Auminum-Alloy Flat Compression Panels With Longitudinal Z-Section
Stiffeners. NACA Rep. 827, 1945. (Supersedes NACA WR L-197.)

17. Hickman, William A., and Dow, Norris F.: Compressive Strength of
24S-T Aluminum-Alloy Flat Panels With Longitudinal Formed Hat-Section
Stiffeners Having Four Ratios of Stiffener Thickness to Skin Thick-
ness. NACA TN 1553, 1948.

18. Hickman, Williem A., and Dow, Norris F.: Data on the Compressive
Strength of 75S—T6 Aluminum~Alloy Flat Panels Having Small, Thin,
Widely Spaced, Longitudinal Extruded Z-Section Stlffeners NACA
™ 1978, 19k49.

19. Hickman, William A., and Dow, Norris F.: Data on the Compressive
Strength of 755-T6 Aluminum-Alloy Flat Panels With Longitudinal
Extruded Z-Section Stiffeners. NACA TN 1829, 1949.



28 . o ' o T TNACATIN 3600
B TABLE I o Ty LS
'PROPERTIES OF PLATE MATERTALS C e e
1/2
(Boep) /2 | (me) M2, | (mgm)}/2
(Edcy)
FS-1h magnesium alloy . . . . e 367 0.88
2024-73 aluminum alloy . . . 681 592 o7
2014-T6 aluminum alloy . . . 810 Ths .92
7075-T6 aluminum alloy . . . 873 803 .92
Stainless W steel . . . . . . 2,420 2,200 .92
18-8-1%[ atainless steel
Effective with grain . . . 1,88 1,560 .83
Effective cross grain . . . 2,020 1,710 .85
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TABLE IT

COMPARTISON OF PREDICTIONS WITH TEST RESULTS FOR

Z-STIFFENED PANEL 37.5-75 OF REFERENCE 15

7075-T6 reference panel; R = 29.8 (1.58 + 1.43) = 0.99 (eq. 6)
(1.58)(22) + (1.43)(39)

b -
LJ___°=6.6 2= 755 §p = 22 ksl

s
i 2= 37.5; Gp = 39 ksi
T e 1 Go
Materisl k:isv i P;:?Cted,
6061-T6 aluminum alloy . . . 23.2 22.6
5052-%*5 sluminum 8lloy . . . 16.5 16.4
7075-0 aluminum alloy . . . 11.6 13.3
SAE 1010 steel « « « « « . . 24.0 25.1
COPPEY « « « v o o o o & o = 19.2 21.1
FS-1h magnesium alloy . . . 1%.0 13.4
18-8-%{ steel® . . . . . . . 58.2 66.4
Ti—i—ﬂ S 37.5 35.7

*This panel has a value of bo/t 10 percent larger than the ref-
- erence panel.



TABLE IIT

COMPARTSON OF PREDICTIONS WiTH TEST RESULTS FOR

2~STIFFENED PANEL 18.75-37.5 OF REFERENCE 15

[%075-T6'reference panel; R

50.8 (0.8L + 0.78)

= 0.91

" (0.81)(37) + (0.78)(76)

(eq. 6{}

_ (af)predicted’
Material (Gf)teSt’ kel
ksi
Pallure in locel; Fallure im—
buckling mode |wrinkling mode
6061-T6 eluminum slloy . . . 342 37.5 37.6
5052-%11 sluminum alloy . . . | 22.5 2.7 236
T075-0 alnminum alloy 17.0 18.7 7.7
SAE 1010 steel . « + « + . « 32.6 31.8 %0.5
Copper « . . . e e e e e 27. k. 29.1 27.6
FS-1h magnesium alloy . . . 20.1 22.3% 22.0
18-8--1%3 steel® . . « . . . . 9%.1 - 116.7 107
Ti-iﬂ stesl .. . ... . . 64.5 62.4 57.5

*This panel hes a value of bo/t- 10 percent larger than the ref-

erence panel.

al
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- TABLE IV

COMPARISON OF PREDICTIONS WITH TEST RESULTS FOR

Z-STIFFENED PANEL 12.5-25 OF REFERENCE 15

.o 60.k (0.55+0.57)
[7075-‘1‘6 reference panel; R = (655)(0.59) + (0.57) () 0.85 (eq. 6)]

-Z——%= 25; Gp = 59 ksi

. (o) test (Be) e
Material k;ss:‘s ’ p;:i.icted’
6061-T6 aluminum alloy . . . 40.1 4o.1
505213-3 eluminum alloy . . - 25.8 25.4
7075-0 alumimm elloy . . . 20.9 19.9
SAE 1010 steel . . . . . . . 35.9 32.7
Copper . i « « &+ « o« 4 4 . 30.1 . 29.1
FS-1h megnesium alloy . . . 235.4 2h.1
18-8-%15[ steel® . . . . . . . 116.2 126
Ti-%ﬂ steel . v o4 4 4 . . . 73.3 66.6

*This panel has a value of bg/t 10 percent lerger than the ref
erence panel. -
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COMPARISON OF PREDICTION WITH TEST RESULTS FOR 7075-T6 ALUMINUM-ALLOY

MULTIWEB BEAMS TESTED IN PURE BENDING AT ELEVATED TEMPERATURES

(a) Room-temperature reference beem; Tp = g—= 62.4-ksi

b .
RN

RETE Y

P b_ 6o
P %
- |
Temperature, (Be) pess? (af)pred.icted’ -
OF kai ksl
250 52.6 2.5 .
350 45.0 hk.5

(b) Room-tempersture reference beam; Gp = IS-'-1-= 3.4 ksi

b _
AN ' Sl
b .
-€~6o
Temperature, (af)test’ (af)predicted’
ksi ksi
250 37.8 37.0
350 0.0 32.3

Wi

i)
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TABLE VI

PLATE TEST RESULTIS

v/t Oops Calculated gy 2
kei Oor; ksl ksi

FS-1h megnesium alloy
20.0 25.1 26.3 25.1 0.00526
20.2% 25.9 26.3 25.9 .00568
20.1 25.7 26.3 25.7 .00559
24 .4 26, 25.0 26. . 0060k
2.5 25.3- 25.0 25.3 .00558
24 .4 2h.9 25.0 24.9 .00532
33.0 18.1 19.2 19.2 .00328
32.8% 18.7 19.3 19.5 .00328
32.8 19.3 19.3 19.8 .00332
ho.9* 13.6 1.1 15.4 .00302
41.0 .1 1is.0 15.7 .00307
ik 13.2 13.7 15.6 .00313

2024-T3 aluminum alloy
17.% 48.5 48.1 48.5 0.00920
i7.h4 4.5 47.8 4h.5 .00675
17.4% .7 47.8 Wy .7 . 00665
20.% 3.3 ha.7 1.3 .00555
20.2 41,1 42.8 hi.1 .00555
20.2% 3.6 k2.8 43.6 .00658
25.2 36.2 38.0 36.8 .00kL5
25.0 38.6 38.2 38.6 .00485
25.2% 38.4 38.0 38.9 .00530
30.6 33.5 33.3 3h.y .00355
30.6 33.2 33.3 34.1 .00355
30.9% 32.6 33.1 .33:2 .Q0345
40.8 25.3 235.4 25.9 .00390
40.6 23.1 23.5 25.5 .00380
4o.6% 23.6 23.5 25.8 .00390
50.6 15.3% 15.1 22.2 .00450
50 . 4% 15.4 15.3 22.1 .00l55
50.7 15.8 15.1 22.3 00500

2014-T6 aluminum alloy
20.8% 60.8 5T7.0 61.0 | e-=me--
22.5% 57.8 54.8 57.9 |  emmee--
25.6% 53-3 52.3 53.9 |  eemeee--
30.1% ko.9 k2.8 3.5 | cceeeee
ko, 5% 22.0 21.5 3.5 | o e—ee—e-

*Points that ave plotted in figures 4, 5, and 6.

4,6, &
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TABLE VI.- Continued

tiH

iy
in

PLATE TEST_RESUﬁTS

0.00960
.01075
.01100

~.00910
.00830
.00888

00690
.00680

00510
00485
00556
00692
00675
00685
00720
00700
00790
00730
00785
00690
00665
00715

Bf,
ksi

-----------------------------------

— NNMANAHNDND M~ Q ~l IO OV\O O =IO O = N\O\O\O
7W77.777|7.6 7%6 5&6@/5.4\414%%]@.5.”5335 LaWAVIQV QYY)

Calculated
Ccr,; Xsi

-----------------------------------

O NN YNy 4 €0 0O D \D N BN G QI AN DD IDNININO\OND - ] ~
77777776666%5®$ﬂ5‘44 e N WAV R e R e e e e K

Ocrs
ksi

7075-T6 aluminum alloy

O H AN NOD =N Q H AU QA b =t ING GVO\O\O MNININ Q] A
L=t t=t-- -0 OV NV NN F TNV AAA A i

b/t

|
¥ ok : * S * o ki o
4 OG0B D =3 F 00D O 4 5O\ DO N D
AAAARRE 2R RAIT LRV LI ELIRRRARE

*points that are plotted in figures 4, 5, and 6.
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TABLE VI.- Concluded

PLATE TEST RESULTS

Taps Calculsated Ges -
Bfe ksi Gops k8L xs1 €z
Steinless W steel - _—

16. 4% 201.0 193 202.0 0.00914
16.4 201.0 193 202.0 .00905
18.2% 199.5 187.2 201.0 .00913
18.4 187.3 186.6 187.3 .00811
21.2% 176.0 175.1 177.0 .00TT0
20.7 178.0 177.-6 179.% .00T7T78
26.0 151.5 146.5 152.0 .00509
25.9% 148.0 b7k 148.3 .00521
36.5% 78.5 81.5 106.0 .00886
36.5 T3.5 81.5 102.7 .00732
52.0% 36.3 4o.2 78.6 .00T39

18-8-%{ stainless steel with grain

19.2 146.8 142.0 146.8
19.2% 140.5 2.0 140.5
21.4 115.7 130.1 115.7
21.5% 126.3 129.5 126.3
2h.7 107.7 112.9 107.7
23.9% 111.8 116.7 111.8
29.7 78.9 90.1 78.9
29,.6% 91.h4 90.6 914 | eememee
ho. 7% 52.0 52.0 62.5 |  emmeaee
42.5 Lg.8 52.2 61.0 |  cemmaee
59.1% 26.4 "28.0 49.6 | ememmee
18-8—% stainless steel cross grain o
19.1% 157.7 153.4 157.7
19.1 153.0 153,k 153.0
21.2 143.8 2.3 143.8
21.2% W3.9 W2.3 143.0
2k.o% 131.0 126.2 131.0 |  —---- -—
2.3 138.2 124.5 138.2 |  —eeeeee
29.9 . 945 95.3 95.2 | emme—e-
29.9% 103.2 95.3 103.2 | ameee—m
ho.2 52.5 5h.2 69.3 |  —emeeee
L2, h* 55.4 53.5 T1.6 | e
60.2% 27.9 29.0 55.3 | —m-e- _

*points that are plotted in figures 4, 5, end 6.
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Figure 1.- Correla.ﬁion procedure

Material | I
Material 2
for plste buckling. o
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(2) FS-1H magnesium alloy. (b} 202473 aluminum alloy.

Figure 2.- Compresslve strese-strein curves for plates tested.
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(¢) 2014-T6 aluminum alloy. 1 {d) T07T5-T6 aluminum alloy.

Figure 2.- Continued. "
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(e) Stainless W steel.

220 =
b
=

2001 Cross grain o

Effective oo\

I80 |- cross grain Ty » ksi ©

a, =148 ksi
€, =0.00752
160 |- 162
E=28800 ksi
140 |- ' 142
120 - 123~ With grain
105
100 - Effective
wﬂh' gru'i‘n
| 0, =132 ksi
80 €, 000717
60 |-
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| | | . | |
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€

(f) 18-8-3/4H stainless steel.

Figure 2.- Concluded.
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Figure %.- Comparison of plate-strength data with previously proposed
material parameters. ' -
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Figure 4.- Comparison of plate-strength data with strength modull.
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Figure 6.- Comparison of flange crippling-strength data with strength
moduli.
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Figure 8.- Comparison of predicted elevated-temperature strength with
test data for three H-sections. TO75-T6 aluminum alloy.
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Flgure 9.--Variation in crippling stress of a stiffened pPlate as material
properties are changed. .
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Figure 10.- Behavior of stiffened panel which falls in the wrinkling mode
when tested in two different materisls.
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Figure 11.- V-groove edge fixture for plate compressive-strength test.
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Figure 12.- Compressive-strength date obtained for plates of
7075-T6 aluminum slloy.
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Figure 13.- Veriation of-average stress witi:x unit shortening for three
structures having same buckling stress.
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